INTRODUCTION
Prostate cancer is the most commonly diagnosed noncutaneous malignancy in men in the U.S., with an estimated 186,320 new cases in 2008 (1) . Surgical resection, radiation therapy and hormone therapy are the main treatment modalities for prostate cancer. Although there are several promising treatment strategies, prostate cancer continues to be a major cause of cancer death in males in the U.S. The most challenging cases of prostate cancer include those that are insensitive to androgen blockade (hormone treatment) and those that have become hormone-refractory after initial hormone and radiotherapy treatment.
Aurora Kinase B (AURKB) has recently emerged as a promising therapeutic target for several malignancies. Aurora kinases are a class of serine/threonine kinases necessary for cell cycle progression. AURKB is a component of the chromosomal passenger complex, functioning in chromosome orientation (2) and in regulation of spindle attachment (3) . AURKB phosphorylates histone H3 (p-H3) at the serine 10 position, allowing for chromosome condensation, thus facilitating cytokinesis (4) . In normal cell lines, expression of AURKB naturally peaks at the G 2 /M cell cycle phase transition, thus facilitating cell cycle progression at this juncture (5, 6) .
AURKB overexpression is associated with increased genomic instability, and upregulation of the protein has been detected in a number of solid tumors, including prostate cancer (7) (8) (9) . Additionally, its expression has been associated with poorer prognoses in ovarian, brain and hepatocellular carcinomas (10) (11) (12) . Inhibition of AURKB activity has been shown to result in shrinkage of tumor xenografts via induction of apoptosis and radiosensitization (13) (14) (15) . Because of the association of AURKB upregulation with tumorigenesis, inhibition of this kinase may prove to be a promising treatment strategy for a variety of cancers.
AZD1152, along with other inhibitors of AURKB, is known to induce cell cycle arrest, yielding G 2 /M-phase cells or polyploidy (16) (17) (18) . Previous studies have linked G 2 /M-phase cells with increased radiosensitization in adenocarcinoma and colon carcinoma cell lines (14) . Because AURKB inhibition results in increased levels of cellular polyploidy (16) , inhibition of AURKB results in increased susceptibility to apoptosis (17) . This provides a strong rationale that other treatments administered concurrently with AURKB inhibitors, including radiation therapy, could be quite effective in increasing treatment efficacy.
Among the various types of prostate cancer cell lines that have been established for preclinical testing, both PC3 and DU145 human-derived prostate cancer cells lines are notable for their relative insensitivity to androgen treatment, owing to their lack of the intracellular androgen receptor (19) . These cell lines model an important population of patients who have prostate cancer that is resistant or refractory to hormone ablation therapy.
The effects of AZD1152 on prostate cancer have not been studied previously, and it is unknown whether the AURKB inhibitor AZD1152 (13) increases the sensitivity of androgen-resistant human prostate cancer cells to radiation treatment. Herein we examined the effects of AZD1152 on cell cycle distribution, DNA damage and radiosensitivity of PC3 and DU145 prostate cancer cells. We tested the hypothesis that AZD1152 increases the radiosensitivity of androgen-insensitive PC3 and DU145 human prostate cancer cells. If AZD1152 or other AURKB inhibitors could be demonstrated to increase the therapeutic index for androgen-resistant prostate cancer, this would have a significant clinical impact.
MATERIALS AND METHODS

Cell Culture and Reagents
PC-3 and DU145 cells (American Type Culture Collection, Rockville, MD) were cultured in RPMI 1640 medium containing 10% fetal bovine serum and 1% penicillin/streptomycin. All cells were incubated at 37uC in 95% air/5% CO 2 . AZD1152 was obtained from AstraZeneca (London, England).
Western Immunoblotting
Cells (0.5 3 10 6 ) were treated with various concentrations of AZD1152. They were collected at various times and then washed with ice-cold PBS twice before the addition of lysis buffer (M-PER Mammalian Protein Extraction reagent, Pierce, Rockford, IL) including protease inhibitor cocktail (5 ml/ml) and phosphatase inhibitor cocktail I (5 ml/ml, Sigma-Aldrich, St. Louis, MO). Protein concentration was quantified by the Bio-Rad method. Equal amounts of protein were loaded into each well and separated by 12.5% or 15% SDS-PAGE gel, followed by transfer onto PVDF membranes (BioRad). Membranes were blocked with 5% nonfat dry milk in PBST for 1 h at room temperature. The blots were then incubated with antiphospho-histone H3 (Upstate, Lake Placid, NY), anti-Aurora B (Cell Signaling, Danvers, MA), and anti-Actin (Sigma-Aldrich) for 1 h at 4uC. Goat anti-rabbit IgG secondary (1:5000, Santa Cruz Biotechnologies, Santa Cruz, CA) was incubated for 45 min at room temperature. Western blots were developed using the chemiluminescence detection system (PerkinElmer, Waltham, MA) according to the manufacturer's protocol and autoradiography.
Cell Cycle Analysis
Cells (5 310 5 ) were seeded in 10-cm 2 dishes 24 h before AZD1152 treatment and then treated with various doses of AZD1152 for 48 h. The cells were then collected by trypsinization, fixed with 70% ethanol, and stored overnight at 220uC. Cells were then collected by centrifugation, resuspended in 1 ml of PBS with 100 ml of 200 g/ml DNase-free RNase A, and incubated at 37uC for 30 min. Propidium iodide (50 mg/ml) was then added, and the cells were incubated at room temperature for 5 min. The number of cells in each phase of the cell cycle was determined and calculated as a percentage of the total cell population.
Clonogenic Assay
Cells were treated with AZD1152 (60 nM, 48 h) or DMSO (control). Cells were irradiated with 0 to 6 Gy at a dose rate of 1.8 Gy/ min using a 137 Cs irradiator (J. L. Shepherd and Associates, Glendale, CA). After irradiation, the medium was changed and cells were incubated at 37uC for 8 days. Cells were then fixed for 30 min with 70% methanol and stained for 30 min with 1% methylene blue (Sigma-Aldrich) in water. After staining, colonies were counted by eye with a cutoff of 50 viable cells. The surviving fraction was calculated as (mean colony counts)/(cells plated) 3 plating efficiency (PE), where PE was defined as (mean colony counts)/(cells plated for irradiated controls).
Immunofluorescence for c-H2AX
PC3 and DU145 cells were grown on sterile cover slips in six-well plates with 3 ml medium. After 24 h, the cells were incubated with DMSO or 60 nM AZD1152. After 48 h of incubation, cells were irradiated with either 0 or 5 Gy. Either 30 min or 6 h after irradiation, the cover slips were washed with cold PBS, and cells were fixed with 4% formaldehyde for 10 min at room temperature. Cells were then washed twice in PBS and placed on cover slips in ice-cold wells. Then 2 ml of ice-cold Triton X-100 solution was added. After 15 min, the cover slips were washed three times in PBS. The cover slips were then blocked in 1% BSA/PBS overnight at 4uC. The next day, mouse antihuman c-H2AX (Abcam, Cambridge, MA) was added at a dilution of 1:100 in antibody buffer and incubated at 37uC for 30 min. Cells were washed three times in PBS and incubated with a rhodamine greenlabeled goat anti-mouse IgG secondary antibody (Molecular Probes, Eugene, OR) at a dilution of 1:100 in antibody buffer at room 37uC for 30 min in the dark. The cover slips were then washed three times in PBS and placed on ice. The cells were then counterstained with 2 ml of 4, 6-diamidino-2-phenylindole (DAPI) for 5 min. The cover slips were washed three times in PBS and mounted using Vectashield on microscope slides. Three random regions of 50 cells each were examined under a microscope with 1003 magnification. Nuclei containing $40 foci were counted as positive for c-H2AX focus formation. The percentages of positive cells were calculated and plotted.
Statistical Analysis
All assays performed in this study, including cell culture, immunoblotting, cell cycle quantification, clonogenic analysis and immunofluorescence, were performed in triplicate (n 5 3) for each culture of cells randomized to one of the following treatment conditions: (1) control, (2) drug alone, (3) radiation alone and (4) drug and radiation combined. This provided 80% power to detect a difference between two groups using a two-group t test with a 0.05 significance level, assuming an average difference of 15% between any of the two groups and a standard deviation of 5%. Standard deviations for the PC3 and DU145 cells were based on preliminary data obtained in our laboratory. The experimental observations were performed by analysts who were blinded to each of the various AZD1152 RADIOSENSITIZES PROSTATE CANCER treatment conditions. The statistical software SPSS (SPSS, Chicago, IL) was used for all statistical analyses. All tests were two-tailed. Values are expressed as means ± SD.
RESULTS
AZD1152 Results in Decreased Phosphorylation of Histone H3 in PC3 and DU145 Prostate Cancer Cells
PC3 and DU145 cells were treated with varying concentrations (0-1000 nM) of the Aurora kinase B (AURKB) inhibitor AZD1152 for a total of 48 h. Western blot analysis was used to quantify resulting AURKB. The functionality of AURKB was also assessed by quantifying p-H3, the active, phosphorylated form of histone H3 required for normal chromosomal condensation. As is shown in Fig. 1A , the AURKB expression was stable at all doses for both PC3 and DU145 cells; however, AZD1152 concentrations of at least 60 nM of AZD1152 resulted in diminution of p-H3, consistent with inhibition of AURKB H3-phosphorylating activity. Thus a concentration of 60 nM AZD1152 reached the threshold required to inhibit the activity of AURKB without affecting its expression.
PC3 and DU145 cells were exposed to 60 nM AZD1152 for various times to determine the maximal time dependence of AURKB inhibition. Figure 1B shows that AURKB inhibition was stable at all exposure times tested. However, PC3 cells demonstrated significantly diminished p-H3 levels with 48 h or more of exposure to AZD1152, and DU145 cells demonstrated significantly diminished levels of p-H3 with 12 or more hours of exposure. These data indicate that the inhibition of AURKB by AZD1152 is both dose-and time-dependent.
AZD1152 Induces G 2 /M Cell Cycle Arrest and Polyploidy
Because AURKB normally facilitates progression beyond the G 2 /M cell cycle transition point, we used flow cytometry to measure the effects of AURKB inhibition on the distribution of cell cycle phases in PC3 and DU145 cells exposed to AZD1152 for 48 h. sustained. Cells in the S phase and sub-G 0 phase each represented less than 10% of the total population at all dose levels.
With AZD-induced AURKB inhibition, DU145 cells ( Fig. 2A, bottom panel) similarly demonstrated a dosedependent decreased percentage of G 0 /G 1 -phase cells (73% at baseline to ,5% at high concentrations) and increased percentage of polyploid cells (,5% to 70%); the transition in cell cycle composition over a concentration range from 10 nM to 100 nM AZD1152. The percentage of G 2 /M-phase cells increased to a maximal level of 35% at a concentration of 60 nM, with higher concentrations resulting in a somewhat lower G 2 /M fraction, but still higher than baseline, at concentrations of 100 nM or greater. These cell cycle analyses indicated that AZD1152-induced AURKB inhibition is maximized at concentrations of 60 nM for both PC3 and DU145 prostate cancer cell populations exposed to AZD1152 for 48 h.
Next, the cell cycle effects of AZD1152 treatment were tested in both PC3 and DU145 cells using a fixed concentration of 60 nM AZD1152 but varying the The cell cycle effects of durations of varying treatment AZD1152 on DU145 cells is shown in Fig. 2B , bottom panel. As observed in PC3 cells, increasing treatment time resulted in a gradually decreased fraction of G 0 /G 1 -phase cells (23% at baseline down to ,1% with prolonged treatments). Like PC3 cells, DU145 cells showed peak levels of G 2 /M-phase cells at 24 h and a maximal fraction of polyploid cells at 48 to 72 h. Optimal inhibition of AURKB was seen with 60 nM for 48 h for both PC3 and DU145 cells.
Neoadjuvant AZD1152 Followed by Radiation Results in Increased and Sustained DNA Damage
Employing the optimal regimen of 60 nM AZD1152 for 48 h, PC3 and DU145 cells were exposed to radiation and the resulting DNA damage was quantified. Figure 3 shows that PC3 cells not receiving radiation AZD1152 alone demonstrated minimal evidence of DNA doublestrand breaks, as indicated by low levels of c-H2AX foci (Fig. 3A) . However, 68% of the PC3 cell population that received 5 Gy radiation alone exhibited evidence of DNA damage. Those PC3 cells that received the combination of AZD1152 and 5 Gy radiation had DNA damage in the entire population of cells, demonstrating a level of DNA damage that was significantly higher than cells exposed to radiation without AZD1152 (68% compared to 100%, P 5 0.030). Furthermore, the significantly increased amounts of c-H2AX foci in PC3 cells were sustained 6 h after radiation treatment (15% for treatment alone compared to 85% for AZD1152 and radiation; P 5 0.002). Again, unirradiated cells, either with or without AZD1152, demonstrated minimal evidence of DNA damage at 6 h.
The response of DU145 cells to single-agent and combination therapy with radiation and AZD1152 (Fig. 3B) was similar to the response exhibited by PC3 cells: 69.3% of DU145 cells treated with radiation alone demonstrated c-H2AX foci 30 min after irradiation compared to 100% of DU145 cells treated with a combination of radiation and ACS1152 (P 5 0.030). These levels of DNA damage were sustained at 6 h after the completion of radiation treatment (21% for treatment alone compared to 70% for combination of AZD1152 and radiation; P 5 0.010). Again, unirradiated cells, either with or without AZD1152, demonstrated minimal evidence of DNA damage.
Inhibition of Aurora Kinase B with AZD1152 Results in Radiosensitization of PC3 and DU145 Prostate Cancer Cells
To investigate whether AZD1152 radiosensitizes PC3 and DU145 cells, clonogenic assays were performed on cells treated with the optimal treatment for AZD1152 and varying doses of radiation (Fig. 4A) . PC3 cells receiving AZD1152 in combination with radiation had increased sensitivity to the lethal effect of radiation at all doses tested, with a drug enhancement ratio (DER) of 1.53 (surviving fraction 5 0.1; P 5 0.017). DU145 cells (Fig. 4B) demonstrated significant radiosensitivity with   FIG. 3 . AZD1152 increases radiation-induced DNA damage and reduces DNA damage repair processes in PC3 and DU145 cells. The results for four treatment groups are shown: (1) AZD1152 t (60 nM for 48 h) followed by radiation (5 Gy); (2) radiation alone; (3) AZD1152 alone; (4) no radiation and no AZD1152. c-H2AX was used to measure DNA damage. The means ± SD of three separate experiments are shown.
448
increasing dose, with a DER of 1.71 at a surviving fraction of 0.4 (P 5 0.02). The DER was calculated at a surviving fraction of 0.4 because the fraction of control treated DU145 cells never reached the level of 0.1 after 1 to 6 Gy radiation.
DISCUSSION
One of the goals of this study was to elucidate the mechanism by which AZD1152, an AURKB inhibitor, affects cell cycling in human-derived PC3 and DU145 prostate cancer cells. AURKB is an interesting therapeutic target because of its ability to facilitate and control cell cycle progression. AURKB phosphorylates histone H3, inducing chromosome condensation and facilitating cytokinesis (4) . Several studies have shown that AZD1152 is capable of inhibiting phosphorylation of histone H3 (13) (14) (15) (16) (17) . While our findings regarding the AZD1152-mediated effects on histone H3 were consistent with the published results for other cell lines, the data presented here did reveal some differences in the response of the PC3 and DU145 cells to AZD1152. We found that p-H3 levels are both dose-and timedependent with a trend toward decreased levels of p-H3 by 60 nM for 48 h in both cell lines.
Consistent with previous reports detailing the effects of AURKB inhibition, including cell cycle arrest (17, 18) , our results showed that AZD1152 maximizes the proportion of cells in G 2 /M phase and polyploidy in PC3 and DU145 cells. The maximum in G 2 /M phase and polyploid cells occurred at 48 h, also in agreement with previously published data (19) .
Previous studies have shown that the expression of p53 appears to predict the effects of AZD1152. Among HCT116 colon cancer cells, those that have a double p53 knockout (p53 2/2 ) demonstrate increased polyploidy compared to wild-type (p53 z/z ) cells (14) . Although we found that AZD1152 resulted in increased levels of both polyploid and G 2 /M-phase cells in PC3 cells, which are p53 2/2 , the G 2 /M phase showed overall predominance. For the DU145 cells, which are characteristically p53 z/z , our results showed a prevalence of polyploid cells. This is not entirely unanticipated, however, because DU145 cells express heterozygous 233Leu and 274Phe p53 mutations, neither of which behaves as a dominant negative mutation. Some studies have suggested that mutations expressed simultaneously are able to completely inactivate p53 growth suppressive function (20) . Thus it is plausible that p53 dysfunctionality is responsible for the accumulation of polyploid cells in the presence of an AURKB inhibitor.
Previous reports of the effects of AZD1152 on cells of acute myeloid leukemia cell lines showed increased fractions of both G 2 /M-phase and polyploid cells and a simultaneous increase in S-phase cells (16) . In contrast, our data for PC3 and DU145 prostate cancer cells showed decreases in S-phase cells in response to AZD1152 treatment. The results presented here have confirmed our hypothesis that AZD1152 treatment of human-derived PC3 and DU145 prostate cancer cells results in increased sensitivity to radiation. One of the further primary goals of these investigations was to maximize the radiosensitizing effects of AZD1152 for these androgen-insensitive prostate cancer cell lines. Because G 2 /M and polyploid cells predominately contain double-stranded DNA, we sought to determine the treatment conditions with AZD1152 that result in the greatest proportion of G 2 / M-phase and polyploid cells. Our experiments showed that AZD1152-induced inhibition of AURKB is both dose-and time-dependent and that 60 nM AZD1152 for 48 h resulted in the largest increase in polyploid and G 2 / M-phase cells in both PC3 and DU145 cells. These conditions were subsequently used to investigate the effects of radiation on DNA damage and cell survival.
To better characterize the temporal effects of radiation and AURKB inhibition on PC3 and DU145 cells, we quantified DNA damage at two times. The first, at 30 min postirradiation, reflects the initial susceptibility of these cells to radiation-induced DNA damage. The second, at 6 h postirradiation, when compared longitudinally to the first time, is indicative of the extent of DNA repair. DNA repair begins soon after irradiation. c-H2AX foci peak within an hour, and focus half-lives average between 2 and 4 h (21-23). More damage was induced by radiation in both treated and control cells, though it was more sustained in AZD1152-treated populations. PC3 cells, which exhibited an increase in both G 2 /M-phase and polyploid cells, sustained more damage than DU145 cells, in which polyploid cells predominated. Also of note, PC3 cells lack p53 while DU145 cells express p53 mutations. These data are thus consistent with previous observations that p53-deficient cells have a longer H2AX half-life (22) .
Individual cells that are incapable of repairing DNA breaks will eventually undergo cell death (24) . Thus either an increase in DNA damage or a delay in DNA repair or both may result in increased radiosensitization. This was borne out in the radiation survival data (Fig. 4) . Greater cytotoxicity was exhibited by PC3 cells treated with AZD1152 compared to control (DMSO), with a drug enhancement ratio of 1.53 at a surviving fraction of 0.1 (P 5 0.017). In comparison, DU145 cells, which were previously shown to be composed primarily of polyploid cells after AZD1152 treatment, also showed enhanced radiosensitization, with a drug enhancement ratio of 1.71 at a surviving fraction of 0.4 (P 5 0.02). Although it is possible that factors other than DNA damage may play a role in radiosensitization, these data indicate that polyploid cells may be more susceptible to radiation-induced cell death.
AURKB is highly expressed in hormone-refractory prostate cancer in patients and in DU145 and PC3 cells (8) . Inhibition of AURKB using siRNA technology was associated with inhibition of growth of prostate cancer xenografts (25) . Additionally, concomitant use of siRNAs against AURKB and EGFR resulted in further suppression of tumor growth. These results demonstrate the value of targeting several pathways and using multiple modalities to achieve optimal response to therapy. Radiotherapy is an essential treatment modality for prostate cancer and is frequently used with hormone therapy in managing locally advanced cases. Resistance of prostate cancer to the current available treatments, including hormone therapy, surgery and radiation therapy, is a significant clinical problem that affects the survival of patients, and the development of new treatment strategies is therefore critical for improving patient outcome. Our data indicate a potential role for AZD1152-induced AURKB inhibition in the treatment of prostate cancer with radiation therapy. AZD1152 in combination with radiation therapy results in enhanced killing of androgen-insensitive prostate cancer cells and may ultimately have the potential to improve the cure rate for patients with locally advanced prostate cancer. Further studies are warranted to assess the in vivo and clinical efficacy of AZD1152 in the treatment of hormone-refractory prostate cancer.
